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SELF-EXCITED POLYPHASE ASYNCHRONOUS 
GENERATORS 



CHAPTER I 
HISTORICAL 

The science of electromagnetism received its inception when 
Hans Christian Oersted, a Danish physicist, discovered on July 
21, 1820, the effect produced upon a magnetic needle by the 
passage near it of an electric current. This discovery stimu- 
lated Andre Marie Ampere, who made public, in 1822, his law» 
of parallel currents; and Michael Faraday, who described first 
the revolution of a magnet around an electric current, and later 
his famous *' Faraday disc'' experiment. 

Dominique Francois Arago^ in 1825, made a magnetic needle 
follow the revolutions of a copper disc beneath it. 

Then follows a long unfruitful period, until in 1879, Walter 
Baily^ by the progressive shifting of the poles of two two-pole 
electro-magnets caused the rotation of a copper disc suspended 
above them. He employed two battery circuits commutated at 
regular intervals although he mentions that polyphase currents 
could well be used. 

Marcel Deprez^ in 1883 published a theorem on the true rotary 
magnetic field produced by two alternating fields with a quarter 
period phase difference. 

Then follows the bitter discussion of the Tesla-Ferraris con- 
troversy, the fundamental features of which appear to be the 



^Annales de chemie et de physique, 24: 363 (1824) ; 28« 375 (1825). 
^Phil. Mag., vol. 8, No. 49, p. 286. 
^Comptea Rendus, 1883, p. 1193. 
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following: Galileo Ferraris,* tiaving by 1885 independently 
evolved the ideas of Baily and Deprez, built a motor but fa.led 
to publish until 1888. His machine was two-phase, the second 
one being produced by an inductance in one circuit, the '* Phase- 
splitter'' from which Tesla obtained much credit. The model 
used by Ferraris developed only a watt output of 2.77 watts, 
and of it he says : * * It is at once evident and it also results from 
considerations which I shall go into later on that a motor thus 
constructed [he used a copper cylinder] would not be of any 
importance as a means of transforming electrical energy.'* 
Though he regarded it as a toy, he suggested its use as a meter, 
and gave the idea of slip, showing also that the current in the 
rotating secondary varies with the slip. 

Nicola Tesla applied for in 1887, and received in 1888, a great 
number of patents on polyphase motors, underlying which, 
however, was but the one idea of rotating magnetic fields. Thus, 
in spite of the great advance in the commercial development 
which is largely due to Tesla, the invention cannot be claimed 
for him. 

Charles S. Bradley's patents of 1887, 1888 and 1889, de- 
scribed generators and motors of two and (1889) three phases, 
the rotary field being described in October, 1888. His machines 
were Gramme rings with equidistant taps brought out to slip 
rings. 

The three phase Lauffen-Frankfort transmission in 1891 of 
about 100 H. P. over 110 miles of millimeter wire, at a fre- 
quency of 30 to 40 cycles per second and a pressure of 8,500 
volts, had aQ average efficiency of 74 per cent. It was a very 
bold attempt and awakened great interest not only in the pos- 
sibilities of long distance transmission but in those of poly- 
phase motors as well, since induction motors were used to de- 
velop power at the point of delivery. 

In 1895, Alexander Heyland^ publ'shed an account of a 
simplified relation between the vectors of an induction motor 
which gave an approximation only but which tallied very satis- 



^Atti cU Torino, Mar. 18, 1888. 

^ JSl€ktrotechni8che Zeitschrift, 1895, p. 649. 
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factorily with the experiments he made on motors up to ten 
horse power. He offered no complete mathematical proof. 

B. A. Behrend^ gave independently a more rigorous proof of 
the relations of the vectors to a circle. Since, however, he very 
gracefully withdraws his claims to priority and since develop- 
ment has followed more particularly the lines laid down by 
Heyland, this discussion will take up more particularly Hey- 
land's figures. 

Julius Heubach, Karl Kuhlmann, Ossanna, Adolph Thomalin, 
and Hugo Grob have further developed the circle diagrams 
and their work will be shown later. 

Hbyliand's Diagrams 

Heyland realized the accurate relations of primary to second- 
ary current. (See Plate I.) Here AC represents the primary 
current, Ii; AC represents the magnetizing current, Im; and 
c'C represents the secondary current, I,. For accuracy the 
length c'C must be determined as the length of a line through 
C between its intersections with the semi-circles CC'D and 
Cc'A. The pressure line is AE. 

Heyland neglects primary res stance in his electrical calcula- 
tions and sets I^ = Ig. This is for purposes of simplification 
and is not such a violent assumption as might appear at first 
sight, since CD is always very large as compared with AC. 

* * This gives us the law : In induction motors the relations be- 
tween pressure and phase displacement may be represented by 
a vector diagram in which the vector, changing with the load 
which represents the current, is defined, in that its free terminus 
moves upon a circle whose position is defined through the rela- 
tion 

A D _ Magnetic Resistance Strayfield 
A C ~ Magnetic Resistance Rotorfield* 

Plate I, shows AB the pressure line; AC the magnetizing 
current; CC° the energy component, their resultant AC° being 
the no-load current. The length CC° represents ''The constant 



^lUd.y Feb. 1896. 
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Plate I. — The Heyland Diagram. 
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friction and iron losses, and the copper loss of the magnetizing 
current." Ii = AC'; Ig^C^C; the angle of phase displace- 
ment is the angle BAG'. 

Draw DC, subtract along th.s line a length proportional to 
IiRi, giving the point E'; and from DE' subtract I2R2 giving 
F'. Draw circles through DE^C and DF'C with centers on a per- 
pendicular dropped from Oc. 

A perpendicular let fall from C at any load represents elec- 
trical input, since in any triangle with constant base the area 
is proportional to the altitude. 

Primary stray flux really C'A is assumed by Heyland to be 
equal to CC which is the case when AC becomes zero. In the 
triangle DCC, therefore, the electric input varies as the area, 
since it is equal to rotor flux times primary stray flux. Since 
the base CD is constant, the electric input varies as the altitude 
of the triangle DCC. 

Similarly, perpendiculars dropped from E' and F' represent 
torque and power output, but the constant losses CC° must 
be subtracted, giving torque equal to E'e'; power equal to 
F'f.' 

The maximum power output does not coincide with the maxi- 
mum power input nor with the maximum current in primary 
nor secondary. 

As C swings around counter-clockwise E' and F' also re- 
volve and the maximum power output occurs when F' reaches 
the perpendicular through Oc. Further increase in current 
decreases the output until the output becomes zero, when F' 
and D coincide, the motor comes to a standstill, E' and C as- 
sume the positions E*' and C^ such that DC^ is perpendicular to 
OfD, that is, tangent to the power circle. The perpendicular 
from E^ represents starting torque, that from C^ power input 
while AC^ and CoC^ represent Ii, and I2 respectively . 

Slip is the ratio S = — ^ ~ ^ ' where 00^ is 2;r times the pri- 

mary frequency in cycles per second, and wg corresponds for 
the secondary frequency. Since the frequency of the secondary 
depends upon its speed of rotation, at standstill wg = and: 
S =: 100 per cent. 

[421] 
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If we lay off SC^ perpendicular to OeD, we may divide SC^ 
into 100 alloquot parts, each of which represents 1% slip, which 
may therefore be read off directly for any load as the distance 
-sS' along sC*" from the base line AD to the intersection with the 
line DC' for that load. Approximately Y'C represents the effi- 
ciency at the same load since YY' represents the losses. 

This figure is the one commonly intended when Heyland's 
diagram is mentioned. 

The power factor cos <^ is of course a maximum when AC 
comes nearest to AB, that is when it is tangent to the circle Oc 

**The characteristic of the induction motor is known that, if 
driven above synchronism, it works as a generator^ and delivers 
<!urrent in a manner analogous to the direct current shunt 
machine. It is interesting that the d agram gives explana- 
tion of these relations simply by completing the circles to the left 
of AD — . ' ' Plate II. ' ' The electric energy delivered by the genera- 
tor at the same phase angle is exactly equal to the electric 
energy delivered to the motor, [This is not accurate] The 
mechanical power becomes naturally considerably higher and 
indeed as is easily seen by twice the losses since now all losses 
are added to the electric power which were formerly subtracted 
from iV^ 

He plots curves of all quantities with respect to mechanical 
power, but since all later writers plot with respect to slip the 
consideration of his curves is not of the highest importance. 
He makes no explanation of the phenomena from + 100% to oo 
nor from oo to — 100% simply saying that from o to + 100% 
slip the machine functions as a motor and everywhere else as 
a generator. Some power could conceivably be abstracted from 



7 See Danielson, Elec. World, 1893, 21: 44. 

^ Ernst Danielson, Westeras, Sweden, gave in Electrical World for Jan. 21, 
1893, a descrlpf on of expei'iments performed by him. Having a three phase 
induction motor on a synchronous generator, he reversed the power and the 
synchronoua machine ran as a motor. "This field is capable of maintaining 
the current, provided the conditions in the external circuit are such that the 
current comes in advance of the induced E. M. P. These conditions can be 
fulfilled by having a regular three phase generator in circuit, or by condens- 
ors. It would be impossible to have the motor act as a* generator on a reg- 
ular lamp circuit or on a circuit with self induction." He took no quantitative 
observations. 
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the rotating secondary, electrically, but the better conception is 
that from + 100% to — 100% slip through oo the machine acts 
merely as a sink of energy requiring both mechanical and elec- 
trical input and giving no output except heat. 




Plate III. — Heubach's Diagram. 



Heubach's Improvement 



Julius Heubach shows his opinion as to the magnitude of the 
problem very succinctly in the preface to his book Ber Dreh- 
strommotor, 

^*The motor although simple in its mechanical relations is 
correspondingly complicated in the electrical phenomena which 

[424] 
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occur within the machine; yes, one can say that from the theo- 
retical standpoint, the asynchronous (Induction) motor is the 
most difficult problem with which electrotechnics has to deal." 

Plate III is based on the assumption that cos (t>o = lj and 
shows the condition of the induction machine from + oo to — oo , 
the circle with center at o being the original circle used by Hey- 
land. Heubach considers the electrical input of a motor and 
output of a generator as being on a circle whose center is at q 
so chosen that ep shall represent the losses due to hysteresis 
and eddy currents. The line ap, therefore, represents Ii; the 
perpendicular let fall from p to ad the electrical input ; ep = 
hysteresis and eddy current losses ; be = lo ; perpendicular from 
e to ad = electrical input minus hysteresis and eddy current 
losses. Now if de be drawn from d the effective flux is obtained, 
which is again reduced by losses due to leakage in stator and 
in rotor. 

Laying off distances ef and f g such that ?— = R^ = tan < ebf 

and ^ = R2 = tan < f bg 

flux values df and dg are obtained proportional to input and 
output of the secondary respectively. Next lay off from the 
line ad the < s ob c = ebf = a and ob/? = f bg = p and de- 
scribe circles whose centers 1 e on the points of intersection of 
the sides ba and b/? with a perpendicular to ad from the point o. 
Then draw a straight line parallel to ad and at such a distance 
as to represent the losses due to bearing friction and windage. 
Then perpendiculars let fall from f and g on this line will g.ve 
by their length values of torque and mechanical power. 

Output will increase in the motor as p swings around counter- 
clockwise until g reaches the line oq prolonged, its maximum 
ordinate, thereafter though Ii and I2 increase the output decreases 
steadily until, when the line de becomes tangent to the circle 
whose center is B, the output becomes zero and g and d co- 
incide. This is the point of standstill or 100% slip and a line 
drawn at right angles to cd through this point may be divided 
into 100 parts, each of which represents 1% slip. For any load 
the slip may be read directly from the slip-line, or any propor- 

[425] 
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tionally divided parallel line, being the length along the slip- 
line from ad to the intersection with the line de at that load. 

Heubach says: **This figure shows the Heyland diagram for all 
possible conditions and it occurs peculiarly in it, that the scalea 
for positive and negative slip are different. This peculiarity is 
demanded because the loss of potential in the stator winding is 
not considered with entire accuracy, since in this study Stator — 
is set equal to Rotor — current. ' ' The angle of inclination of the 
slip line is of course the same for positive or negative slip. On 
the motor side the intersection of the slip line with the solid 
circle is the point of 100% slip ; while on the generator side the 
point of 100% slip is the intersection with the dot-dash circle 
whose center is at B. 

As in the consideration of the induction machine as a motor so 
as a generator, the primary current Ii is measured from a to 
the intersection of the dash-double-dot circle with a. perpendicu- 
lar from ad to the point of particular load, p' to ad = electrical 
power output ; e'p' == loss through hysteresis and eddy currents ; 
e' to ad = total electrical power. Drawing de' obtain points 
f and g' giving the increased fields df and dg' which must be 
developed to care for the stator and rotor losses. From f to 
the line parallel to ad gives the resistance moment or negative 
torque, while from g' to the same line gives mechanical energy 
input. I2 = be', Im = ab. As p' revolves counter-clockwise the 
output rises to a maximum over point and comes to zero when 
point p' reaches d. 

This is the point of — 100% slip and any further increase 
in speed throws the electrical power into the opposite direction, 
i. e. both mechanical and electrical power are consumed and turned 
into heat. This continues from — 100% to — 00 slip and is the 
same condition of brake or sink of energy as is found from 
+ 100% to + 00 slip. 

Ossanna's Diagram 

Ossanna has done a great deal toward the elucidation of induc- 
tion motor problems by his diagram published in 1899.® 



• Zeitschrift fur Elektrotechnik, May, 1899. Elektrot-schnische Zeii8chri,i, 
Aug. 23, 1900. 

[4261 
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Of it Ossanna himself says, ** . . . it is strictly accurate 
since in recognizing the voltage drop in the primary winding, 
the total primary current and not merely its watt component 
is considered, and further my representation of slip, torque, 
mechanical power and efficiency are simpler than in Heyland's 
diagram." 

M. Breslauer says of it, **This corrected diagram is alone 
right and every graphical representation must he based upon 
it."^« 

Karl Kuhlmann says : ' * The Ossanna diagram in its ordinary 
form [see Plate lY] answers the following question: How 
does an asynchronous polyphase motor, with a rotor short-cir- 
cuited and with a constant coefficient of self-induction, he- 
have?"^^ 

All of Ossanna 's predecessors had built up diagrams for con- 
stant b<ick e. m. f. and constant angle of secondary lag angle 
02, but these are not the conditions in the actual motor where 
we have instead constant impressed e. m. f. and constant sec- 
ondary inductance Lg. 

Taking up the figures of those who had worked before him 
he showed them to be inaccurate although convenient, and devel- 
oped his accurate figure. In this constant impressed e. m. f., 
varying I^, slip, and efficiency rj, are the only qualities repre- 
sented since the loci of the free ends of the flux and Ig vectors 
bear no simple relation to the rest of the figure although they 
may be drawn for any particular load. 

Ossanna 's development follows: 

Take A^ = terminal pressure 

K = reactance of primary per phase 

d = 1 — Vi Vg (where Vj and v, are less than unity. Stray fac- 
tors) 

Then Xo = 4^ ^ and Yo = 4^ ^ 
R (radius) = ^^ 25 -^-. 



^9 Elektrotechnische Zeitschrift, Mar. 3, 1904. 
" Ihid., Apr. 18, 1901. 

[427] 
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These equations deterinine the circle with respect to the axes. 




Plate IV. — Diagram of Ossanna. 

Torque. — To obtain values of torque instead of drawing an 

extra circle as Heyland does, draw the line DD whose equation 

is Z = rx — T 

(Z is ordioale, x abscissa) 

w ^ w ^ 
r = , and T = .; . 



K-w, '- 



a 



K — w, 



a 
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Absolute torque in meter-kilogrammes may be obtained as 

(y — z) = the distance pd in the figure which for any load 
is representative of torque. 

Mechanical Power. — Draw for mechanical power the line 
A2A2 whose equation is Z = Vx — u 

where V = — 



K — W, - — Wo^yU 
U = 

y 

K — w, - — Wo V' 

_ r w,2 + fA'+27rDiLi)«- w, 

and Wg^ = (Wg reduced to primary) = Wg :j -. ( — ) { — ) 

= 1 w^^ + (-^'4- 27rn^ Lt) « _ 
The absolute value in watts per phase 

Here (y — z) == distance pa in the figure which is propor- 
tional to mechanical power for any load. 

Efflcienoy. — Parallel to the base line and at distances yh and h 
draw two right lines. 

yh = watt component of Ii wheh represents the hysteresis and 
eddy current losses. 

All electric quantities are measured from the line AiA, (dis- 
tant yh from the X axis) as for instance pe =: watts input, 

2 [429] 
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Call the point of intersection of Ai and Ag n. 

/? , 1 
K 

Lay off along the line distant from the X axis yh + h parts 
proportional to the same scale as the line h and with the inter- 
section with Ag as zero. This will represent the relation — ^ 

which is efliciency -n for a motor, - for a generator, and negar 

V 
tive for the positions of sink of energy. 

Slip. — For slip draw parallel to DD a line, draw tangent to 
m a line to intersect the above and call the common point zero 
slip. The point of + 100% slip is at the intersection of the 
slip line and Ag while — 100% is at an equal distance the other 
side of the line of zero slip.^^ To obtain the per cent slip for 
any line prolong pm to the slip line and read. Similarly for 
%i; draw pn to the efficiency line and read. 

From m to t both mechanical and electrical power are re- 
quired to be put in and there is no output but heat. At t^ the 
primary current has a lag of 90^ (cos <^ = 0) and Ii is there- 
fore entirely wattless, this being about the only place in electro- 
technics where a lag of exactly 90° can be obtained. 

From t to t^ the machine acts as a generator, from m to g as a 
motor, and from g to t^ through f as a sink of energy. 

Plate IV shows a motor with highly exaggerated leakage, high 
resistance in both primary and secondary, and large iron losses, 
so that all the parts and processes may be made more clear. 

The greatest values of mechanical power, torque and electric 
power, occur at points where the perpendicular to the lines 
Ag, D, and Ai, respectively, have their greatest lengths. 

The difficulty of determining the distances y©, Xo, yh and h 
and the points m and n, the fact that secondary current and the 
fluxes are not represented have prevented the adoption of Os- 
sanna's diagram to so large an extent as its accuracy would seem 



" The point of — 100 per cent, slip should be at the point where t*m prolonged 
cuts the sUr> line, but Ossanna's figures show an error in this point. 
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to make probable. The necessity of converting experimental 
values into analytical geometry and then putting that into a 
figure also obscures the direct connection of machine and figure. 

Grob's Diagram 

Hugo Grob describes *' . . . a theoretically absolutely 
correct polyphase induction motor diagram which has no neg- 
ligibilities other than the inevitable assumption of constant per- 
meability of the iron; of sine form of current, pressure and 
fields; and farther the not quite accurate allowance for iron 
losses. "^^ 

It is a diagram of constant terminal pressure and the main 
circle, the locus of the free terminus of primary current vector, 
is the same as Ossanna's although more readily located. Hey- 
land's approximate diagram is easy to make but not nearly 
accurate, while his accurate one is very complicated. Ossanna 
brings to bear analytical geometry and deduces equations for 
circle and lines which represent primary current, phase angle, 
output, slip, etc., but has not the fluxes nor secondary current 
and does require some not inconsiderable calculation. 

Grob develops his diagram without using analytical geometry 
nor higher mathematics as follows : 

On a line OZ (Plate V) lay ofl: 

^^ = ni i_ fn OA or more accurately 
■■■i ~r -'•2 

^^ = T.+T. + T.T. -^^ 

where Tj and Tj are tte usual leakage factors (here taken 
equal to .2). Lay off 0B:BA = T2:Ti more accurately 
= (Tj + Ti TJ : T„ erect DG perpendicular to OZ at D so that 
DG : OD = T3 : (Ti + TJ more accurately = Tg : (T ^ + %+ 

T,T,) where T, = I. Bi at no load 

CoDstant terminal e. m. f. 

Draw OG, and a perpendicular to OZ through A cutting OG in 
H. On BH and HD as diameters describe circles. Draw the pres- 
sure triangle with right angle at K such that OK : OL = Tg : 1. 



^ Elektrotechniache Zeitschrift, Jan. 24, 1901. 
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OL is the constant terminal pressure and is at right angles to 
HMD. 

The larger circle, the locus of the points N, is Ossanna's, ON 
representing primary flux or current, NHQ representing sec- 
ondary flux or current. Parallel to HMD and therefore perpen- 
dicular to OL through draw OJP]. Parallel to OIIG through 
E draw the slip line; calling the intersection w^ith the line AH 
produced zero slip and the point E — 100% divide up the line. 
Draw a line from + 100% slip through II to cut the circle at 
F. The point of zb oo slip is marked oo . 

A method is now available for representing each of the three 
quantities, torque, electrical, and mechanical power. 

Bisect the angle CIKI and draw N.IIQ^U^ (OQ represents 
flux). 

0N\ is Ii at time of greatest torque. Perpendicular to 06 
at II draw II V. Parallel to OD at U, draw U^V (U^ is any po.nt 
on line U+N^). 

With V as center and radius VII draw a circle. UW for any 
load = Torque. (W on the line AH) Torque is also repre- 
sented by a perpendicular let fall from N on Aoo. 

Let VU = i maximum horse powder = 3/2. ^ — 7!^ — '' 
Draw with center U, and radius UII a circle. Parallel to AH 
■draw a line such that DW is the power lost in bearing friction 
and windage. Then BD = mechanical power. 

Electric power, since the pressure is constant, can be repre- 
sented as the watt component of the primary current, therefore 
from N drop perpendiculars on OL and the watt component OP 
is obtained. Electric power is also represented by perpendic- 
ulars let fall on the line JE (s!nce JE is at right angles to OL). 

Starting at — 00 with either Plate V or Plate XVIIa w^e fipd 
a region of sink of energy. Here Ii = 00 , l2 = x) Qo. torque 
= 0, electrical and mechanical power both absorbed. As we slow 
down Ii and lo grow, reaching a maximum when I^ passes through 
Ml and lo is parallel to OD. Mechanical power and torque grow ; 
electrical comes to zero at — 100% slip and thereafter becomes 
output. At — 100%, Ii is perpendicular to OL and is pure watt- 
less current. 
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Generator, — ^Below — 100% slip all three increase, reach- 
ing their maxima in the order, mechanical power, torque, 
and electrical power after which all decrease. 

Sink of Energy. — At a small negative slip (Ii = OJ) electrical 
power becomes zero again with Ij wattless. At synchronism 
torque becomes zero, I^ = OAj, 1^ = zero. From J to H both 
powers are absorbed. At a small positive slip (Ii at H) me- 
chanical power becomes zero. 

Motor, — After passing through their zero points each has a 
sign opposite to that with which it started. Electrical is now 
input, mechanical and torque, output. All rise reaching their 
maxima in the order, mechanical, torque, electrical power. At 
-f- 100 per cent, or standstill mechanical power becomes zero, and 
electrical and torque give the starting values. 

Sink of energy, — Mechanical power reverses and at -f Qo 
we again strike the point of beginning with torque = o, mechan- 
ical and electrical power both consumed. 

•» 

Grob's 1904 Diagram 

In 1904^* Grob developed another diagram, not mentioning 
his article of 1901 except in an introductory footnote. 

The new figure (see Plate VI) differs in that it is more ac- 
curate, represents power and torque on the main circle by lines 
simply located, and determines the potential line somewhat 
differently. 

He gives the method of construction and a concrete example 
from data for a particular motor. This example and diagrams 
for four other motors will be given. The constant pressure in 
the new figure is chosen as the bass and perpendiculars are 
erected to it. The leakage factors which for the 1901 circle had 
to be determined in order to construct the figure are now de- 
duced from the figure. The value Tg alone need be predeter- 
mined and it is easily obtained. The lines for torque and me- 
chanical power (as will be proven shortly) are on the circle and 
he has corrected the torque line, making it the dstance inter- 



"/W<f., June 2 and June 9, 1904. 
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Plate VI. — ^Diagram of Hugo Gbob, 1904. 
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cepted by the line BoB' on the perpendicular let fall from B to 
the line BqV instead of the length of the perpendicular to the 
line BoB+. Also mechanical power is obtained as the inter- 
ception of the same perpendicular as for torque with the line 
Bo'K. 

Total power equals the area of the triangle ODB = DB X OE. 
(Point E moves on the semicircle over OQ.) 

The triangle BBqD remains always similar to itself, peripheral 
angles of constant arc. 

g-jj- = constant = y 7? (same peripheral angles) 





NL 
LQ 



Therefore 1^ = chord BoB X ^ri 



J.. NL OA 
^^* LQ = AC; 

Therefore DB = BBo X ^ 

Also the arc OEBo is similar to the arc BoBB+, therefore the 

B+B 

triangles also are similar and OE = OBo X b+r~ 

The vector OBo is the no load flux, which calls up the 
pressure left for developing power when ohmic and induc- 
tive drop have been deducted. This pressure is AC© perpen- 
dicular to OBo. 

OBo = P. ^ in volts. 
Therefore OE = P. ^« ^"^^ 



Torque: 



OA • B+Bo 



DB.OE = BoB.^.P. ^^" ^^^ 



OCo * OA * B+B 



9 



.pB^B B+B_ P BH^W 2 

B+Bo B+Bo cos 

- ^^ (area of triangle BqBBx) 



B+Bo cos a 

5 _ B+BoX 

r^ — ^ 

[43^] 
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In absolute measure then 

P (volts) X BG (amps.) X 3 ^^ 

746 
Torque = (fn Kg - m) 

^ 2.88 ^^ °^ lln Kg - m) 
n 

or = 208 ^^ ^^ (In lb. ft.) 
n 

Mechanical Power: Loss in the rotor is proportional to Ig^r 
or to gg2 Qj, t() g-g2 Qj. to BoF, FS is proportional to 
the copper loss but since FG is also proportional to BoF we 
can take GS as a measure of the copper losses. 

Then BG — GS = BS = Power developed. To subtract bear- 
ing friction and windage, lay off BoBo' perpendicular to BqV 
and equal to the watt current of the no load losses. Draw 
Bo'K, and BS' is the actual mechanical power available. In 
absolute measure mechanical power is given by 
„ „ P (volts) X BSi (amperes) X 3. 

To care for iron losses drop to 0'. 
Slip: 

Rotor losses in heat _ BnG 



Slip = 



Energy output of rotor BG 



Draw anywhere a perpendicular to B+M, draw B+K and pro^ 
long to intersection. The triangle B+XT is similar to BoGB. 

Therefore^- ^ = slip. 

Slip is measured along TX in per cent.^^ 
Efficiency: 

Eflttciency = rj = ^^r^ ; — --= p^^ = -ttt^ — ^^-^ » where a — 

^ OB projected on OP BC BA cos a 

the angle CBA. 



*' A very slight Inaccuracy in the slip scale comes in for light loads from, 
the neglect of rotor hysteresis. 

[437,] 
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Prolong KBo' to 0" the intersection with O'Z. Erect JR per- 
pendicular to OP. Draw O^'BE. Draw EX parallel to BA. 
EN 1 EN 1 JE 



Then tj = 



EX cos a CR cos <x JR cos a 



Draw JZ parallel to BoV and strike the arc ZW. Then the 
angle RJZ = a and JW = JR cos a 

JE 
Finally ^ = jy^- 

For simple construction, lay off CL ^ 100 mm. along B^V, 
erect a perpendicular to BoV cutting 0''K in J. Draw JR at 
right angles to OP. Strike off JW = 100 mm. 

Read ly as length JE in mm., or per cent. E is determined as 
the intersection of JW and the line 0''B for each load. 

Data, work up and curves now follow for five machines. The 
first is given by Grob, three are in the electrical laboratories of 
the University of Wisconsin, and one is derived from H. M. 
Hobart's book, Eledtric Motors, 

Oerlikon Twenty Horse Power Three Phase Motor 

Data given by Grob. 380 volts; 1,500 rev. per. min. ; 
'50 cycles ; Ri = .212 ohms ; Rg = .0386 ohms ; Ratio of stator 

to rotor turns = ~ . 

.QoL 

No load. 

I, = 7.3, V = 380, 50 cycles, 880 watts, 450 watts friction and 

-windage, cos <t>o = .184. 

Short circuit. (Rotor slowly running.) 

35 amperes, 50 frequency, 77 Volts, 2,050 watts, cos ^ = 

.437. 

Ik at 380 volts = 35 X ^- = 172.5 amperes. 

i^ddy current loss in the Stator. 

When I, = 35, I, = ij = 92, Ij'R, == 778, I^'Ri = 980 

Total 1,758. The wattmeter read, however, 2,050. Then, 
ifiince the current density should be about the same in stator and 

[438] 
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rotor, increase the stator. That is, eddy currents effectively in- 
crease the stator R. 

2050 — 1758 = 292. Add-^^ to each then I^'Ri = 778 + 146 =924 and 

094. 
R^i = .212 X 7^1= .252 ohms. 

Short circuit Ig^R^ at 380 volts =980 (^V =24,000 watts 
24000 



ivatt current = 



-- =36.4 amperes. 



380 X »^3 

Construet on the pressure line a power factor semi-circle of 
100 mm. diameter, lay off at the proper angle and to suitable 




Plate VII. — Oerlikon 20 Horse Power 3 Phase Induction Motor. 
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seaJe the short circuit and no load vectors. Subtract the watt 
component of the no load current BoBo'. (See Plate VII.) 
Draw perpendiculars to O'P in 0' and through Bo; draw 

BqCq. 

O'Co = wattless component of no load current. 7.2 X 0.252 
= 1.82 

1.82 



T, c=: /.380\ = .00828 



Lay off BoA = 100 mm. AjAg = .828 mm. Construct circle 
with center on BoAg w^hich shall pa^s through K and Bo- 

T = g)^ = .0392 

Lay off OE = T and EE^ = Tg 

Infinite slip is the intersection with the circle of OE^ pro- 
longed. 

Draw B^Bo 

Drop a perpendicular from K toward diameter BoV to in- 
tersection with BoB+; from this intersection backwards lay off 
the watt current of rotor loss at short circuit. Draw Bq'K''' 
through to intersection of line with the circle at K^ 

BoB^ is the torque line. 

Bo'K' is the mechanical powder line. 

O'Zi .is the electrical power line. 

Torque and mechanical power are the lengths for any load 
of the perpendicular to the diameter BqV as far from the circles 
as the intersections with the torque and power lines respectively. 
Electrical power is the perpendicular distance to the line O'Zi.- 

To lay off the slip line, draw and prolong B+K'. Perpendicu- 
lar to B+H (a radius) erect TY so that the intercept between 
BoB+ and B+K' shall be for convenience, just 100 mm. Slip 
for any load is the distance TX the intercept with the line 
B+B for that load read directly in mm. or per cent. [See 
Plate VI]. 

Scale of efficiencies. Prolong K'Bo' to 0", its intersection 
with O'Zi. Describe an arc 100 mm. long. Erect a tangent 
perpendicular to the diameter BoV to intersection with the 

[440] 



Digitized by VjOOQIC 



PUSSEUj — SELF-EXCITING ASYNCHRONOUS GENERATORS 



29 




-\xy^~<b S0Q2/ -I-dH 



Y' % 



o 

(XJ 



[Ml] 
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power line Bo'K'. Erect perpendicular to the pressure line and 
lay off on it an arc 100 mm. long. Bead directly in mm. or per 
cent., the efficiency at any load as the intersection of line 0"B 
for that load with the efficiency line. 

The motor was loaded both by brake and by a rated generator 
and the circle gave points between the fluctuations of the ex- 
perimental data. The circle and curves derived therefrom 
follow. 

Oerlikon Motor. 
Data for circle, Grob. 



Amperes. 


Slip. 


CO8 


V 


Torque 
lb. ft. 


H.P. 
iDput. 


H.P. 
output. 


B.Q. 


B. S. 
53 


B.O. 


10 


0.9 


68.8 


70.9 


18.2 


6.3 


4.7 


71 


60 


20 


2.2 


90.9 


84.7 


48.9 


16.2 


13.3 


183 


150 


161 


30 


S.9 


93.4 


86.5 


79.0 


25.1 


21.5 


284 


243 


260 


40 


5.4 


93.6 


85.6 


104.8 


33.4 


28.7 


378 


325 


345 


50 


6.9 


93 


84.0 


190.6 


41.6 


35.3 


472 


400 


430 


7* 


11.4 


89.5 


78.3 


182.4 


59.2 


46.4 


670 


525 


600 


100 


17.3 


83.4 


70.2 


217.0 


74.0 


52.4 


837 


593 


714 


125 


25 8 


74.5 


59.1 


226.0 


82.5 


48.9 


934 


554 


744 


159 


42.5 


61.4 


41.8 


200.5 


81.8 


34.2 


926 


387 


660 


174* 


100 


41.5 





112.5 


64.0 





735 





320 


7Bt 


0.1+ 


18.4 





4 


1.18 





9m 







160 


56 


54.5 


29.8 


176 


77.4 


22.7 


876 


257 


580 



* Short circuit. 
t No Joad. 
i Watts. 

General Electric Co.^s Motor No. 71602 

Form L ; 60 f requen<;y ; 5 h. p. ; 3 phase ; volts between lines, 
110; 4 pole, amperes per line, 28. The rotor has an internal 
clutched starting resistance. 

No load. 

110 volts, 14.5 amperes, 420 watts, cos <^o = .1520. 

Short circuit. 



I (av.) 


V 


W (total). 


Cos 0k 


\ (110 volts). [ Wk (110 volts). 


22.1 
26.3 
30.3 
35.0 
41.3 


15.5 
18.5 
22.5 
26.0 
30.0 


340 
480 
680 
890 
1,080 


.497 
.493 
.497 
.484 
.503 


156 
156 
156 
156 
156 


17160 
17160 
17160 
17160 
17160 


Av. 






.m 

















I,^R/=I,»R, 



17160 



= 8580 = 156* X .353 
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The windings of rotor and stator are identical, therefore R/ 
= R2' = .353. 

Direct current measurements gave R^ =::= Rg = .3115 which 
is raised to .353 by eddy current losses. 

UA 
CoOi = UA, T, = 1/3 ^ '^^ = .0267,T = 2^' = .0870 
110 " 



Watt current of lo^Ro loss is 



8580 



^ 26 amperes. 



3x 110 
Circle, data scaled therefrom and curves follow. 




Plate IX. — ^FIve Hobse Power Induction Motob. G. E. No. 71602. 
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General Electric Motor No. 71C02. 
Data for circle: Kyser, Fu.ssell. 



Am- 
peres. 


Sliu. 


Cos0 


l»er ct. 

V 


Torque 
lb. ft. 


H. P. 

Output 


11. P. 
Input. 


BQ 


BH 


BG 


15 


.50 


37.5 


60.2 


4.78 


.85 


1.53. 


iW 


50 


65 


17 


1.15 


55.5 


74.8 


8.81 


1.78 


2.46 


145 


105 


120 


20 


1.90 


6.^.5 


80.2 


13.4 


2.81 


3.73 


210 


165 


182 


3D 


3.5 


83.8 


83.6 


2o.O 


5.35 


6.46 


3^0 


3.5 


340 


40 


4.9 


86.3 


82.6 


34.6 


7.33 


8.83 


52J) 


432 


470 


50 


6.2 


8H.0 


80.3 


43.0 


9.08 


11.28 


6t>5 


535 


585 


60 


7.9 


87.4 


77.6 


50.0 


10.36 


13.40 


790 


610 


680 


70 


10 1 


86.3 


74.5 


56.6 


11.52 


15.40 


910 


(>80 


770 


SO 


11.9 


84.5 


70.8 


61.0 


12.20 


17.30 


1020 


720 


830 


90 


14.4 


82.0 


66.8 


64.6 


12.55 


18.84 


1110 


740 


8^0 


100 


17.3 


79.3 


62.2 


66.9 


12.42 


20.30 


1200 


730 


910 


120 


25.6 


72. 


50.8 


65.4 


11.18 


22.20 


1310 


660 


690 


140 


42.0 


62.0 


3H.3 


55.2 


7.36 


22.20 


13i0 


434 


750 


150 


60.0 


54.5 


19 


44.1 


4.07 


21.10 


1240 


240 


600 


150* 


100.0 


47.0 


00.0 


30.1 


0.00 


19.00 


1120 





410 



*r'hort circuit. 



Values scaled from circle agree very well with the results 
taken from brake tests. 



General Electric Go's Motopj No. 2577 

Type I ; form G ; 3 phase ; 60 1 requency ; 6 pole ; 5 horse 
power: 1200 rev. per min. ; 220 volts. Stator turns, 172S ; 
rotor tAirns, 144. 

No load. 

219 volts, lo = 3.88 amperes, cos <^o = .176. 



Watts friction and windai^e 



= 115 



115 
Watt current friction and winda":e = :^,^n.y~~7~ = -'^O^ amperes 



Watt current total 



258 



220X1/3 



= .078 amperes 
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Short circuit. 

220 volts; 48 amperes; cos <^ = .497. 
Ri = 1.21 ohms (hot), Rj = .0086 ohms (hot) O'Co = 3.64. 

3.64 
T, = i-'S ^ ^'^^ = .01125 
^220 

T =^^«^.0716 

48« X 1.21 = 2790 



12 X -^8 X .0086 = 2850 



2850 

--— = 13 amperes watt current to subtract along 



line KK'. 
Circle, data and curves follow. 




Plate XL — Five Horse Power Induction Motor. G. E. No. 2577. 

[446] 



Digitized by VjOOQIC 



FUSSELL — SELF-EXCITING ASYNCHRONOUS GENERATORS 



35 



General Electric Co.'s Motor No. 2577. 



Am- 
peres. 



3.88* 

4 

5 
10 
15 
20 
25 
30 
35 
40 
45 
48 
49.9T 



Slip. 



.4 

.9 

1.9 

5.8 

9.4 

13.2 

18.0 

23.4 

31. 

41.5 

59.0 

79.0 

100.0 



Cos<f> 



17.6 
41.0 
66.2 
87.6 
89.2 
87.4 
84.8 
80.2 
74.5 
67.2 
57.0 
49.7 
44.2 



Per ct. 


Toraue 


H.P. 


V 


lb. ft. 


Input. 





.6 


.346 


54.4 


2.8 


.854 


76.0 


6.5 


1.78 


84.0 


18.1 


4.52 


81.4 


27.2 


6.89 


77.2 


35.7 


9.04 


72.4 


42.0 


10.84 


65.9 


46.6 


12.33 


57.8 


49.3 


13.40 


46.9 


48.4 


13.80 


30.0 


43.2 


13.27 


14.4 


36.7 


12.20 





31.2 


11.22 



H.P. 
Output. 


BQ 


BS 


BG 








11 


.459 


67 


36 


50 


1.29 


140 


101 


118 


3.75 


355 


294 


327 


5.61 


540 


440 


492 


7.00 


708 


548 


645 


7.84 


850 


614 


760 


8.15 


967 


639 


844 


7.78 


1050 


610 


890 


6.50 


1080 


510 


875 


4.06 


1040 


320 


750 


1.79 


956 


140 


664 





880 





565 



* No load.. 

t Short circuit. 



Westeras Motor 



(Allmanna Svenska Elektriska Aktiebolaget. ) 
From H. M. Hobftrt's book Electric Motors. 
12 pole; 50 frequency; 500 volt; 500 rev. min.; 
horse power, Y eonnected, 288V per coil. 



3 <^; 100 



( Ri = .084 Rg = .058 
Per <f> -{ Primary turns 90 



( Secondary turns 72 



= 1.25 



No load. 

23 amperes, cos ^o = -l^O 
3 X 288 X 23 X . 19 = 3700 watts 
Bearing and windage = 1400 watts 
3700 



Watt current total = 



500 X ^'3 
Watt current, bearing and windage 



= 4.27 amperes 
1400 



500 X 1/3 



= 1.61 amperes. 
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o 



8 § ^o T 



o 

01 






CVJ 



01 
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Short circuit. 

438 amperes; 288 volts; cos <^k = .383. 

O^Co =22.4 amperes 

22.4 X .084 = 1.88 volt 

1.88 
T3 = /500\ = .00651 

IgSRg z= (438 X 1.25)2 058 X .383 = G5000 watts 

65000 
AVatt current at short = - =75.2 amperes 

500 X V8~ 




4?^ 



^ATE XIII. — ^Westeras 100 Horse Power 3 Phase Induction Motor 
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Wksteras 100 Horse- Power Motor. 



Am- 
pere. 


Slip. 


Cos^ 


V 


Torque 
lb. ft. 


H. \\ 
Input. 


H. P. 

Output. 




BG. 


BQ. 


BS. 


23 


.05 


190 





21.6 


5 


9 


37 





25 


.2 


440 


547 


98.4 


13.5 


7.9 


41 


58 


34 


50 


1.8 


853 


860 


460 


48.7 


41.7 


192 


210 


IbO 


75 


3.0 


905 


880 


768 


80.6 


60.6 


320 


3» . 


300 


100 


4.1 


917 


881 


1030 


106.8 


93.4 


430 


460 


402 


125 


5.2 


912 


870 


1292 


133 


116.0 


538 


573 


500 


150 


6.8 


902 


858 


1519 


158 


136.0 


632 


680 


581 


175 


8.0 


889 


841 


17H0 


181 


152.5 


721 


780 


657 


200 


9.7 


870 


822 


1920 


202 


166.5 


800 


876 


718 


250 


13.5 


817 


776 


2210 


238 


184.5 


922 


1028 


796 


300 


17.4 


750 


713 


2360 


262 


186.5 


963 


1130 


804 


350 


25.3 


660 


628 


2305 


268 


167.0 


960 


1156 


720 


400 


39.4 


532 


474 


1960 


246 


116.0 


815 


1061 


500 


438 


71.0 


383 


207 


1320 


195 


40.4 


550 


840 


174 


450 


100 


320 





960 


164 





400 


708 






Brown, Boveri Motor No. 193,913 

Type 6; 6 horse power; 4 pole; 1800 rev. per rain.; 3 phase; 
110 volts; 60 frequency. 
R/ = .137 ohms (hot) 
R/ = .089 ohras (hot) 
No load. 

110 volts, lo = 8.45 amperes, cos <^o = .290 
160 Watts friction and windage 

Watt current friction and windage - = .84 amperes 

Watt current total =2.45 amperes 

110 X v:j 



Short circuit. 

110 volts, Ik = 159 amperes, cos <^k 



.572 



T, = ^- ^^^^^'^ = .00996 

T = .0432 

Plate XVI shows this machine as a normal motor, solid line, 
and the dotted line shows a modified motor which is discussed 
later. Circle, data and curves are given. Plate XVIIa shows 
the curves for this machine and Plate XVIIb for the modified 
motor. 
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Percent. 


11. I». 


H. \\ 


T- 


Cos 


'/ 


slip. 


meohanlcal. 


elect rical. 


1 1 




-19.80 


11.80 


188 


24.0 




Staiidstin 










lAM) 


0.00 


23.20 


162 


55.0 


0.00 


.717 


4.68 


24.60 


150 


62.5 


19.0 


.44d 


10.40 


24.40 


125 


75.0 


42.5 


.»« 


i-.;.oo 


21. 8i 


100 


83.5 


58.0 


212 


12.30 


18.36 


"80 


88.0 


67.0 


!l80 


11.60 


16.30 


70 


90.6 


71.3 


.14H 


10. .57 


14.20 


60 


91.8 


74.4 


.110 


9.35 


12.10 


50 


92.9 


77.1 


.01)4 


7.80 


9.70 


40 


93.5 


80.4 


.0t)8 


5.88 


7.28 


30 


92.7 


81.0 


.040 


3.81 


4.68 


20 


89.0 


81.5 


.oao 


2.43 


3.12 


15 


82.0 


77.7 


.OK) 


1.04 


1.73 


10 


61.0 


60.0 


.(XW8 


0.52 


1.21 


9 


45.0 


42.9 


Synchronism 












.0(X)0 


0.00 


.69 


8.06 


29.0 


0.00 


.0097 


2.25 


1.38 


10 


54.0 


61.5 


.0176 


3.81 


3.12 


15 


78.2 


81.7 


.0247 


5.36 


4.33 


20 


h6.0 


80.6 


.0382 


8.50 


6.93 


30 


iW.3 


81.6 


.0519 


11.60 


9.35 


40 


91.0 


80.6 


.0640 


14.50 


11.60 


50 


90.5 


79.7 


.07S0 


18.20 


13.70 


60 


89.0 


75.2 


0.1042 


23.9 


17.5 


80 


85.4 


73.2 


0.1370 


30.3 


20.8 


100 


80.0 


68.6 


0.18(X) 


37.3 


23.0 


125 


71.0 


62.0 


0.25(H) 


43.2 


22.5 


150 


58.0 


52.5 


0.3800 


44.4 


17.0 


175 


37.0 


38.3 


1.0000 


33.0 


0. 


192 





0. 



Brown, Hovkkt, Motor Brake Test. 



lav. 


Per cent. Cos <f> 


Slip- 


B. H. P. 


8.25 


25.0 


.22 


.0 


11.3 


71.8 


1.50 


1.35 


15.1) 


82.1 


3.0 


2.68 


18.8 


88.5 


8.5 


8.34 


21.9 


90.1 


4.5 


3. 98 


25.2 


88.8 


5.2 


4.63 


21). 


95.1 


6.5 


5.26 


82.6 


96.0 


7.3 


5.90 


87.4 


94.2 


9.1 


7.15 


48.3 


93.5 


9.45 


7.79 


47.0 


90.5 


10.5 


8.38 


50.5 


91.6 


11.0 


8.6S 


8.2 


26.3 


.187 





9.8 


49.2 


.86 


1.14 


15.8 


85.2 


1.42 


2.46 


20.7 


86.7 


2.28 


3.72 


82.6 


87.9 


4.02 


5.48 
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Slip Scale for IIypersynchronism 

In all of the foregoing diagrams, as well as in those given in 
the appendix to this chapter, the scales for slip are accurate 
for the condition of motor running since they represent all the 
limit conditions and agree with brake data. For generator slip, 
however, none are accurate since the authors have done one of 
three things: (a) evaded the issue entirely, Grob, 1904; (b) 
extended the motor slip scale proportionally which fails to rep- 
resent the limit conditions, Ossanna; or (c) extended the gen- 
erator slip scale set by the limits to motor action which fails to 
give the correct position for 100 per cent, motor slip (stand- 
still), Grob, 1901. 

If in a diagram, whose motor slip scale accurately agrees with 
data which are obtained from careful observation during a 
brake test, the motor slip line Ix* prolonged the values scaled olf 
from this prolongation do not agree with tests made during a 
generator run. In one test at about 50 per cent, overload they 
had the relation, scale to test equals 10.7 to 6.1, not a remark- 
able agreement. 

If, however, parallel to the motor slip scale a line be draw^n, 
so that its 100 mm. length fills the distance betwe<?n the base 
line of slip and a line drawn from oo slip through Z the point 
where the energy component of the primary current changes 
direction and which must represent the point of 100 per cent, 
slip, it will represent to a very fair degree of approximation 
the conditions actually found to occur during careful measure- 
ments of a run of the machine as a generator. 

The diagrams given show two of the possible schemes of con- 
nection, each employing a synchronous generator in parallel as 
the source of leading exciting current. One scheme loads with 
lamps or other dead resistance as absorption agent, while the 
other is a ^'purnp baek^' system. The latter is the easier to 
operate by far; it being possible by the mere movement of a 
rheostat (that in the smaller DC machine ''R" being most often 
used) to effect a change of the induction machine clear through 
by' easy steps from 100 per cent, overload as a motor to 100 per 
cent, overload as a generator. This causes readily 20 h. p. ir, 
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^=— 3.MA/MD-' 



o— — 0^ 





Plate XVIII. — Connections. 
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Plate XIX. — Condenseb Excitation and Pump. Back Connections. 
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oirciilate with a total loss of less than 2 h. p., the machine under 
test being rated at 6 P. S. ((terman h. p. of 736 watts). 

In order to test this theory, th? followinjr experiment was 
perforni(»d. Drivinii: above speed an induction machine it was 
})aralleled with a synchrcnous generator and the following 
values nuiintained constant while load was added in the shape 
of lamp banks in delta across thi* lines, primary frequency, 
held at 60 by k(M»ping the speed of the synchronous generator 
at 1.2()() rev. per miii. : the line pressure by adjusting the 
synchronous machine field current : and approximately the in- 
put to the machine driving the synchronous generator and there- 
fore to the synchrcnous generator itself. It was found that 
while remarkably stable and constant when once adjusted, the 
system was one of a very considerable flexibility, since it suf- 
ficed to chang(» any one of the three field rheostats to throw the 
load of the whole system on to whichever prime mover was 
desin^d and to cause the other to act as a generator, or both 
could be adjusted to act as motors. The motor driving the 
synchron(uis genc^rator, in order that the frequency might be 
maintained constant, was kept functioning as a motor but was 
not allowed to take more than a very little power input. Ac- 
curate readings of speed were taken on both generators and 
these were used as ch(^cks on the indications of the slip-indicator. 
This consists (See Plate XVIII) of a commutator capable of 
being driven by the rotor speed and having a number of seg- 
ments ecpial to the number of poles. Stator frequency im- 
pressed electrically upon these bars and rotor frequency me- 
chanically (by holding against the shaft as in a tachometer) 
the number of beats due to these two frequencies superimposed 
is indicated by the throws of a DC ammeter needle connected 
in the circuit of the indicator brushes. For a four-pole motor 
the indications per half minute equal the revolutions slip per 
minute. 

For the low readings if the tachometers and slip indicator 
disagreed the latter was taken, when the slip rose to high'rT 
values (due to the difficulty of counting) discrepancies were 
adjusted by weighting the slip-indicator as four times as ac- 
curate as the tachometer. All the values are the average of a 
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number of separate determinations taken after the constants 
had been adjusted and the performance stationary. The limit 
was placed by the sparking of the Westinghouse motor and not 
by the induction generator although it did get warm. 

The slip — r is that scaled from the prolongation of the 

motor slip line while the slip S is from test values. The col- 
umns headed slip from XY and from. YZ indicate the agreement 
obtainable from two diagrams, for the same motor, oonstructed 
entirely independently of one another, when scaled off my line. 

The curves, Plates XX and XXI, between per cent, slip from 
test and per cent, slip from scale on my diagram is a most drastic 
test under which the diagram stands up well. The larger 
circles as indicated, represent the values as scaled from the 
correct lines, while the smaller circles are the values of gener- 
ator slip as scaled from the prolongation of the motor slip line. 

The agreement of the motor values with the 45° line is well- 
nigh perfect and the great improvement of the generator slip 
line is apparent to the most casual inspection. The greatest 
error of my values is large, 46.6 per cent., the average being 
high, however, about 15 per cent, or less. 

The values of the prolonged motor slip line, however, are 
very much greater, the maximum error being 132 per cent, of 
the true value, while the average is more than 100 per cent. 
This means that the generator slip in diagrams heretofore em- 
ployed gave values which were twice the real values as obtained 
by test. 
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15 



10 



10 



5 5 

% Slip f7?om Diagram 

Plate XXI. — Compakison of Slip Scales. 
Small circles give values from continuing the motor slip line. 
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No. 



Ai av. 



9.8 
21.3 
31.3 
41 9 

.V).H 



110.6 
1U9.'^ 
lUit 3 
1US.5 
110.2 



KWi 



.91 
2.25 
3.35 
4.42 
5.57 









KW, 


KW total. 


IE 1^3 


1.01 


1.92 


1,870 


1.14 


3.30 


4.040 


1.67 


5.02 


5,940 


2.33 


6.75 


7.860 


2.91 


8.48 


9,680 



Cos0 



Stator 



.840 
.845 
.85S 



1.206.5 

i,20tf.5 

1.2(W 

1.200 

1.200 



Rotor 


Slip by 


Slip by 


Slip 


rev. per mln. 


difference. 


indicator. 


rev. per mi n. 


1.821 


11 


7.5 


1 7.5 


1,84:> 


3.) 


34 


34 


1,868 


60 


58 


58.5 


1.8H9 


89 


85 


86.8 


1,904 


104 


112 


110 



Slips 
per cent. 



.41 
1 HH 
3.24 
4.83 
6.11 



Slip 5 
per cent. 



.05 
4.30 
6.3 

8.8 
10.7 



Line 
frequency. 



Lamps. 



60.3 
60.3 
60.2 
60.0 
60.0 



Westingrhouse. 




3 X to 
3 xl7 
3 x24 
3 x32 



A total. 


V 


16.8 


110.8 


43.6 


109.9 


67.6 


109.2 


98.0 


108.7 


131.0 


105.0 



Western 
•V armature. 



16.0 
16.6 
16.2 
17.0 
17.2 



G.E. I., 



4.68 
4.62 
4.75 

4.87 
4.90 



H. P. 
Output. 



4.54 
6.72 
9.04 
11.39 



S1U> from diagram. 



xr 



.6 
2.6 
4.1 
5.4 
6.6 



yZ 



2.63 
3.94 
5.38 
6.59 
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No. 


A, 


Aa 


Aav. 


KWi 


KWi 


KW total. 


1 
2 
3 

4 


9.4 
25.6 

30.8 
50.8 


10.9 
23.8 

29.8 
50.0 


10.45 
25.10 
30.70 
50.40 


.855 
1.465 
1.865 
3.070 


-.224 
2.620 
3.310 
5.675 


.631 
4.085 
5.175 
8.745 








Cos0 


ViN 


VaN 


Vav 


Rev. per min. 




Rotor. 


Stator. 


1 
2 
3 
4 


.318 
.841 
.853 

.885 


110 
112 
113 
113 


■ 

111 
111 
112 
113 


110.5 
111.5 
112.5 
113.0 


1.810 
1,853 
1,844 
1,902 


1,200 
1,200 
1,196 
1,200 








Slip by 


Slip 

rev. per 

min. 


Slip S 
per cent. 


5 

percent. 






Difference. 


Indicator. 


Cycle.s. 


1 
2 
3 
4 


10 
53 
52 

102 


17 
53 
61 

88 


17 
53 
59 
91 


.945 
2.94 
3.30 
5.05 


1.0 
5.1 
6.4 
10.7 


60 
60 
59.7 
60 








Lamps. 


Amperes to 
rotary. 


H. P. 

output. 


XY 


YZ 




1 
2 
3 
4 




3x10 

^ 3x15 

3x25 


14 
4 
4 
1.5 


.846 
5.47 
6.94 
11.7 


.70 
3.2 
4.0 
65 


1 

.63 
3.14 
3.82 
6.47 
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APPENDIX TO CHAPTER I 

In chapter I credit must be griven Adolph Thomalen for his 
work of November 26, 1903, and Au^rust 11, 1904, in Elecktro- 
tecJniischr Zeitschrift following along the lines of Grob's dia- 
gram and giving the relation of the Heyland to the Ossaima 
circle. Of course, Heyland in 1894\ gave the diagram with 
stator resistance represented and then in 1896 simplified so as to 
be applicable with ease. His 1894 work was, however, diflScult 
of application and that of Ossanna much simplified this but was 
still complicated by requiring: analytical geometry calculations. 

Grob gave his 1901 method of drawing the circle followed by 
Thomalen in 1903 giving a slightly simpler method and show- 
ing the relation to the simple 1896 Heyland circle. Grob in 
1904 gave his very mueh simplified diagram and Thomalen 
shows that his diagram is applicable. 

KUHLMANN^S DIAGRAM 

Karl Kuhlmann discusses^ the general alternating current 
transformer under three heads **I. . . . without inductive 
resistance in the secondary circuit (Polyphase induction motor\ 

**II. . . . with constant secondary phase displacement 
(< <t>o constant). 

*'III. . . . with constant secondary self-induction Lg and 

variable phase displacement < <t>oy [tan <f>2^= 2^ {Y^ — Yg) ~] 

Kg 

the most general case.'' 

His figure 17, reproduced here as Plate XXII, is based on 
the case number II. Like Ossanna, he takes currents as being 
in phase with and of same length as fluxes. That is, he con- 
siders OA = primary flux Fi = I^. 

In Plate XXII from similar triangles GE is employed for I-^ 
instead of OA, since GE = T^ X OA = Ti X Ii- If the 
phase displacement is held constant, the angle FOD is constantly 



1 Elektrotectmische Zeitachrift, 1894, p. 561. 
^Ihid., Apr. 18, 1901. 
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equal to 90^ + ^^j. Since AK is parallel to OP for all loads 
HAK = 90° + <^2 

^ = fl^ where OK = OH ^ and HK = OH ?-=^. 
OH HF 6 o- 

Therefore OK = ^ OH for any load.* 

Construct circle M through the three points H, A and K. 
Ej' is constant and therefore OH is constant. Draw the di- 
ameter KP. Then KPHA is an inscribed quadrilateral and 
therefore 

HPK = 180»— (90« -1-0,) 
= 90« - 0. 
HK = PK sin (90» — 0,) = PK cos 0, = RQ cos 0, 

Following the secant law 

OHXOK = ORXOQ=OM^ — MQ^ ="05^ ibutOA = Ii; OH = I„ ; 
<)M = a; MQ = r 

Therefore 



I«.„ L = ,»• _ r« and a = -^ ^"^ ^ V(l _ 6)* -i- 4 a cos» 0,. 

6 40 cos 02 

In the triangle OAR 
Ij» _ 2 Ii a cos AOR + «f* — r« = O; AOR = 90« — 0^ + r 

in which only y is unknown and it may be found from the tri- 
angle HOM. 

I.„« + tr« _ r« I„« (l 4- i) 
^ ^"^ ^ '' 2 I™ X a 
1 -f- 6 cos 0, 



sin y = ~ 



V(l _ (5)a + 4 (5 cos« 02 

sin 0, (1 — (5) 
V(l_(5)« +4(5cos»0g 



' This value of dispersion coefficient ^ is the same as Grob's T and is equal to Ti -h 
Ts+TiTaln terms of Hey land's coefficients. Also equal to v^ Vj — lln terms of 

Hopkinson's coefficients and equal to ~r~r — 1 in terms of Behrend's coefficients. 

V 1 \« 
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The coordinates of the center M are: 

X - ®> A and V - ^ . ?1^ 
_e, 1 



The radius R = j^ • gci ^ '^i' + ^'i' - ^^i ^i 
^With (f>2 = these become 

Xj ^= Xq, >! = Vo, R, = R. 

Several other diagrams were investigated but will not be 
^ven since they were found not applicable to the work of the 
second chapter. 
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equal to 90^ + <^2. Since AK is parallel to OP for all loads 
HAK = 90° + <^2 

^ = ^^ where OK = OH ]- and HK = OH ?-=^. 
OH HF 6 

Therefore OK = -OH for any load.* 

Construct circle M through the three points H, A and K. 
E/ is constant and therefore OH is constant. Draw the di- 
ameter KP. Then KPHA is an inscribed quadrilateral and 
therefore 

HPK = 180°— (90° -1-0,) 
= 90° _ 0. 
HK = PK sin (90° — 0,) = PK cos 0. = RQ cos 0, 

Following the secant law 

OHXOK = ORXOQ=OM^ — MQ^ ^Im^ i but OA =1,; OH = I™ ; 
<)M = a; MQ = r 

Therefore 

I«„, 1 = .»« _ r« and a = -^ ^'° ^ V(l _ (;)• -i- 4 f) cos* 0,. 
o 40 cos g>2 

In the triangle OAB 
Ii» — 2 Ii a cos AOR + a* _ r« = O; AOR = 90° — 0^ -f r 

in which only y is unknown and it may be found from the tri- 
angle HOM. 



= I m « -f cr« - r'^ 3^ !»• (1 + j) 



^"^^- 21™x^^ 



2lm X « 

1 -[- (y cos 08 



sin y = 



V{l—6)» -f-4(5cos«02 

sin 0, (1 — (J) 

VfT— (5)« +4(5cos«0. 



' This value of dispersion coefficient ^ Is the same as Grob's T and is equal to Ti + 
T« + Ti T« in terms of Heyland's coefficients. Also equal to v^ v, — lln terms of 

J 
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The coordinates of the center M are: 



The radius R = ]^ • ^a, ^ '^i" + ^'i* - 4-^i ^i 

With <^2 = these become 

Xi ^= Xq, >! = Vo, R, = R. 

Several other diagrams were investigated but will not be 
given since they were found not applicable to the work of the 
second chapter. 
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CHAPTER II 

SELF-EXCITIXG ASYNCHRONOUS GENERATORS 

If an ordinary induction motor is driven above speed by me- 
chanical power, it will operate as a generator and deliver cur- 
rent, provided a leading exciting current is supplied. This 
leading current may be produced by condenser, by an ordinary 
synchronous motor floating on the line, by a synchronous gen- 
erator in parallel, or by means of modifications in the rotor to 
be described later. 

The action of this leading current is to supply a wattless 
component which shall equal, approach or exceed the wattless 
magnetizing current. 

The problem, then, of making an induction generator self- 
exciting is reduced to determining some method of supplying this 
wattless component from the machine itself; and the object of 
this investigation is to represent on a diagram the action of this 
exciting current. The historical development of the diagram 
for the ordinary induction machine has been taken up and sev- 
eral diagrams have been described in Chapter I. 

The history of the diagram for the self-excited generator or 
the compensated motor has been extremely short. It will, how- 
ever, be taken up and the self-exciting lines developed for the 
Heyland and the Grob diagram. The different developments 
which actually give these phenomena will be taken up individ- 
ually and examined. 

The representation on a diagram was first given for the com- 
pensated as for the ordinary motor by Alexander Heyland^ 
whose work will be displayed shortly. Heubach, l>e Latour, 
Bragstad and La Cour seem, with Heyland, to have done most 



I Elektrotechnische Zeitachrift, July 23, 1903. 
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of the work with the actual machines, although Prof. C. A. 

Adams and Dr. A. S. McAllister in this country should be 
mentioned. 



Heyland's Diagram for Compensated Motors 

Starting with the regular approximate Heyland construction ^ 
he briefly runs over the discussion of the diagram and then 
proceeds to the necessary modifications. The only difference 
occurs from the fact that the excitation field comes from the 
rotor, power being led into it from the external supply. This 
occasions a leakage in the direction opposite to that in the or- 
dinary motor since the rotor has the larger flux. 

In consequence of this externally applied e. m. f. in the 
rotor added to the electromotive force induced by its motion in 
the stator field, the secondary current no longer stands at a 
right angle to the rotor or secondary field, but makes a smaller 
angle with it, Plate XXIII. 

In the current triangle we will have as before AC as the watt- 
less magnetizing current of the stator field and AC^ the magnet- 
izing current of the rotor field; AC being constant and ACi^ 
parallel to the rotor field. 

To determine the rotor current we must obtain the components 
of the e. m. f. which produces it and combine them. That pro- 
duced by the motion in the stator field e* will vary in size 
with the slip and will always be perpendicular to the rotor 
field; the other e^ in the most general case of the application 
of a constant line pressure will have a constant length and a 
direction dependent upon the degree of brush displacement, 
here called the angle a. 

This gives a figure with AC = ADT all being constants, e^ 
perpendicular to CK'D and e^ constant in length and direction, 
given. 

As in the ordinary motor the comers of the triangle move on 
circles which may be determined as follows : Call the angle of 
brush displacement zero when the pressure impressed on the 
rotor is in line with the stator field. Any other brush angle 
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Plate XXIII. — Diagram Compensated Machine. 
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will be the angle a and is measured from the direction of AD. 
Lay off from Oc • at the angle a a length OcOc* = ® (i _ T), 

and from Oa at angle a a length OaOa^ = ^ T. 

Draw a circle with Oc^ as center to pass through D ; draw another 
with Oa^ as center to pass through A. The construction of the 
torque and mechanical power circles and of the slip line is made 
in the same way as for the ordinary motor. 

This diagram yields a clear idea of the working of compen- 
sation in the motor, for, let the compensation be zero, e^ be- 
comes zero. Oc^ falls back Oc and we have the original dia- 
gram. The greater the compensation the larger diameter has 
the circle and the more is the power output, (see later reference 
to an Observation of Heyland's ETZ 5/28/03). For but one 
load is the power factor exactly unity and in order to obtain 
this the no-load current must be a leading one, that is, the ma- 
chine must be over-compensated. 

Losses in the compensated are less than in the ordinary motor^ 
the iron loss in stator is the same since it arises from the same 
stator field, while the rotor iron loss is slightly greater, due to 
greater flux but still negligible, while the copper losses in stator 
are smaller since for a given output the current is less with in- 
creased cos <^ and similarly in the rotor from a certain load up- 
wards the loss is less than in the ordinary motx)r. 

This he shows^ by data experimentally determined in a ma- 
chine with a stator and two rotors, the first one employed being 
compensated, the second a wound rotor with slip rings. Meas- 
uring the rotor current revealed the fact that only on very 
low loads was the I2 of the compensated greater than that of 
the ordinary motor. The explanation comes from the fact that 
power output equals common field times induced rotor current. 

Since the flux is greater in the compensated motor to produce 
the same power output, a less current is needed in the secondary, 
or, to express it differently, for the same rotor current and there- 
fore heat-loss the power output will be larger than in the ordi- 



nud.. May 28, 1003. 
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nary motor. This eflfeet is suflScient to more than allow for the 
increased current in the rotor due to compensation. He gives 
the following table: 





Normal 
motor. 


COMPEKSATBD MOTOB. 




Same power. 


Same heating. 


H. P 


5 

14 

4 

4 
4 

78 


5 
14 

2 

2 

3.5 
80.5 


7 


Iron and friction, per cent 

SHd. Der cent 


10 
4 


Stator copper loss, per cent 

Uotor copper loss, per cent.... 
Per cent, efflciencv 


3 

6 

81 







To return to the diagram, we see that the slip is for any load 
smaller than in the ordinary motor and varies inversely as the 
rotor current. 

A figure (Plate XXIV) gives a very interesting comparison 
of the cos <^-output curves of the ordinary motor and of the com- 
pensated at various brush settings. As is noticed, the power 
factor rises much more quickly, attains and passes through unity 
but hugs it much more closely than does the ordinary motor go- 
ing also to a greater output before it turns back and the output 
decreases. The greater the angular displacement, the quicker 
the power factor rises and the greater the output. It is found, 
however, that large brush displacement influences the efficiency 
unfavorably and this puts an effectual stop to too great a dis- 
placement. 

As will be readily noted, the brush position which gives the 
best cos <t>y at full load under motor action gives too small an 
output when the machine is run as a generator. Since there 
can never be inductive lagging power factor and any output from 
the machine, the output is limited by the intersection of the 
circle with the pressure line. This will be largely raised by 
increasing the brush displacement.^ 



* This does not mean that an Inductive load cannot be supplied, but simply 
that there must be enough leading current to prevent the total power factor 
"being a lagging one. 
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Plate XXIV.— Hetland, July 23, 1903. 
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The use of some motors over-compensated on light load upon 
the same mains as some regular induction motors with lagging: 
cos ^, should be noted as an excellent and simple method for 
improving the general power factor of a system. 

In chapter I, reference was made to the theory of the induc- 
tion machine built up by Julius Heubach in his booli, Der Dreh- 
strommotor (Julius Springer, Berlin, 1903). In 1904, in the 
Vortrdge, Heubach gives a Theorie der Kompensierten Asyn- 
chronmaschine, in which he develops w^orking basis for the 
compensated machine along the same lines as in his book for the 
ordinary induction motor. He deals first with an ideal motor and 
gradually introduces the complications which are really met 
with, dealing, however, almost entirely with the motor and say- 
ing that the generator action may be obtained by completing 
to circles the five semi-circles which are the loci of the ends of 
the current pressure and fiux vectors. 

He offers no experimental verifications, nor has he any easy 
method of construction or reading off of the mechanical and 
other characteristics. Notwithstanding, however, his work is of 
a very high standard and is a noteworthy contribution to the 
literature. Since his method does not obviate the experimental 
errors in the determination of the various leakage factors, the 
results to be obtained from his diagrams are necessarily limited 
by the large per cent, of inaccuracy which is the best available 
in determining these leakage values. One reason why Grob's 
diagram stands preeminent is that instead of necessitating the 
observation of these various leakage factors, the data to be 
taken are easily and directly read and if desired the leakage 
factors may be deduced from the circles with a very consider- 
able accuracy. 

Oscillograms 

The theory assumes that pressure, current, and flux are all 
sine waves, and it is of interest to record the wave shapes used 
in taking the experimental data. The first data on generator 
test were taken with a pressure wave like No. 1, Plate XXV, 
which yields when subjected to the 80 part Harmonic Analyser 
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of the mathematics department of the University of Wisconsin, 
the Fourier series, 

57 sin X — 8 sin 3x + 17 sin 5x (irregular) 

The current waves will be distorted as shown in Nos. 5 and 6 
in the well-known way produced by a circuit containing induc- 
tance and resistance, the current wave being as shown practically 
independent of the shape of the pressure wave. 

Pressure wave No. 2 was employed in the second set of gener- 
ator experiments since it is much nearer the desired sine wavfi 
giving the following series. 

54 sin X — 6 sin 3x 

Oscillograms Nos. 3 and 4 are from the induction generator, 
capacity exicited by condensors and thus free from the influ- 
ence of any impressed wave shape. No. 3, the pressure wave 
at no load, is a very smooth curve with the formula: 

6 sin X — 5 sin 3x, other terms negligible, 
a very good approximation to the sine curve. 

The current wave of No. 4 was taken when the current per <^ 
was 18.3 amperes, the pressure 109, and the power factor 
cos <t> =.904. The less apparent displacement of the oscillogram 
is without doubt due to the fact that the vibrator of the oscillo- 
graph was shunted across a lead through only a small part of 
which the total current flowed, much of the resistance drop be- 
ing due to a current supplying lamp load only. 

In connection with this curve, a rather peculiar phenomenon 
was observed. Superimposed upon the main current wave (ap- 
pearing stationary in the oscillograph) was a ripple which ap- 
peared periodically and traveled from left to right over the 
wave, making difficult the accurate determination of the main 
wave. The period of recurrence of this traveling wave was 
rather long and its wave length much shorter than the main 
wave. This may be caused by the fact that, since the numbers 
of the stator and rotor teeth are made to have small greatest 
common divisor, there are only rare iatervals when the flux 
path is highly good and the flux passes in a stronger tuft. If the 
rotor were running in synchronism with the stator frequency, 
these tufts would show up on the pressure wave also. 
5 [477] 
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Since, however, there is a slip, the recurrence of this bunch of 
lines of force takes place only at a rate much slower than that 
of normal frequency, giving, in fact, a traveling wave whose rate 
of recurrence is equal to the slip. This is a rather interesting 
carrying through of stroboscopic revealing of hidden phenom- 
ena. 

The oscillograms listed are 

No. 1. No load 3</> pressure from a 3<^ and 2<^ synchronous 
machine. Wagner No. .919, 10 H. P. Type 6. 

No. 2. No load pressure from a 3</> synehronous machine G. E. 
Co. No. 75654, 16 H. P. Type A. S. B. 

No. 3. No load pre^ure from 3</> Induction Generator, Brown, 
Boveri No. 193913, 6 H. P. Condenser excited. 

No. 4. Load pressure and current for No. 3 generator. 

No. 5. Pressure and current on load composed of L and R in 
series. From one of the city supply generators. 

No. 6. Same curves as No. 5 from a 3</> synchronous machine. 
National No. 1114. Type R. B. 200 kw. 

In connection with the operation of the induction generator 
excited by condensers in the high pressure side of transformers 
in delta across the stator, (See Plate XIX) a rather interesting 
phenomenon was noted. As, pointed out by A. S. McAllister, 
an induction generator will rise to the voltage represented by 
the intersection of the magnetization curve, plotted between 
volts and exciting current, and the line drawn to represent the 
condenser used to excite the machine. He also pointed out that 
there would be some capacities so low that they would nowhere 
intersect the curve and therefore give no pressure as A. In- 
creasing the capacity increases the pressure as shown. If the 
capacity increases indefinitely, the pressure would theoretically 
soon come to a practically constant value and remain there, 
demanding a very much greater magnetizing current, provided 
the frequency remains constant. The limit of this action is 
when an infinite capacity, i. e., a conductor, is shunted across the 
stator. This infinite capacity line would cross the magnetiza- 
tion curve at oo and o giving maximum pressure with oo mag- 
netizing current or zero pressure and current. As seen by ex- 
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periment when an infinite capacity, in this case a severely punct- 
ured condenser, was put across the line the excitation was en- 
tirely lost. Ordinarily. when the circuit to an induction machine 
is broken, magnetism must be left in at least two of the three 
phases, no matter at what point of the wave the switch is pulled, 
and, upon again starting as a generator the machine will pickup 
by itself. After passing through the reduction to zero, how- 
ever, by means of oo capacity all the magnetism is killed, there 
is no residual, and one phase must be primed from an external 
source in order to start the machine. In some cases when the 
punctured condenser was inadvertently left included, the ma- 
chine w^ould not excite even though primed, since it immediately 
returned to zero. 

Heyland in describing some tests on his first machine says in 
this respect: '*The chief differen^ce in the asynchronous alternate 
current dynamo is the fact that it does not possess fixed poles 
as in the continuous current dynamo and has therefore also no 
residual magiutism. . . . residual magnetism is absent 
and after bringing the generator up to speed it must be sep- 
arately excited from some external source. *'* 

The machine which I used was regular stator construction 
without pole-pieces and yet picked up invariably, unless the 
magnetism had been killed by raising the capacity to an infinite 
value. It would appear that Mr. Heyland 's machine should have 
picked up also. The phenomena attending critical speed were 
also observed. That is, there was a definite speed below which 
the machine would not pick up with a certain condenser and 
above which it worked nicely. It was noticed that the change 
of the capacity in any one leg influenced the voltage of the 
whole system so the experiment w^as tried, keeping the speed of 
prime mover constant, of adjusting the pressure with varying 
load by means of a variable condenser in one leg. It behaved 
admirably, acting, of course, simply as a field rheostat in a shunt 
direct current machine to vary the amount of the exciting cur- 
rent. With constant rotor speed, however, the increased slip 



* Electricia<n (London), Jan. 24, 1902. 
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under load necessarily gives a lowered line frequency; this 
lower frequency applied to the condenser requires for the same 
effective capacity-reactance a much larger capacity in micro- 
farads than as though the line frequency were constant. This 
means that the regulation is very bad and with increasing load 
the attendant in charge of the condenser must be very active or 
his voltage will not only fall low but he will lose his excitation 
and have to begin anew. The curves, shown in Plates XXVII and 
XXVIII, are very ragged, following the variations in pressure. 
Th(»se, however, are as closely adjusted as the steps of the con- 
denser would permit. 

The lines for the compensated motor in the Grob diagram 
may be found as follows. In the Heyland diagram the sec- 
ondary power factor is taken as unity, that is, secondary cur- 
rent lo in phase with Eo and therefore at right angle to <l>o. the 
secondary flux. This cannot be true for any position except at 
synchronism where the frequency in the secondary circuit is 
zero, sinee there is some inductance even in a squirrel-cage rotor, 
and L combined with even a small f will inevitably produce its 
27r fL and phase angle. 

This angh^ will increase up to standstill where full frequency 
is impressed; in fact, in both directions from synchronism the 
frequency will increase until infinite frequency is reached; but 
by what law' this variation occurs is not known. Some prelimin- 
ary experimentation showed that this determination of law of 
change of cos </>o is far from free of complexities and, due to 
shortness of time, this particular line of investigation was aban- 
doned for the time (although the author hopes later to take this 
point up much more fully) when it was found that variations in 
pressure much smaller than could be regulated varied the obser- 
vations to such an extent as to make consistent data impossible. 

The problem even for the ordinary motor is an interesting one, 
for we have in addition to the increasing frequency with in- 
crease of load the increase of saturation; and varying with that 
the increase of current, and flux — w^ave- distortion, which though 
small at no load due to the air-gap, soon becomes far from 
negligible. L, and M both vary w^ith load also and like so many 
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Plate XXVIII. — ^Beown Boveei Induction Genebatob. 
Capacity excited. Constant speed. 
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of the functions in the motor with a most peculiar law of variar 
tion. 

On the whole, to quote a member of the department of physics, 
*'this point alone would Wke'a most excellent and complete sub- 
ject for an investigation for a Ph. D. thesis/' 

Acknowledging, then, the source of error involved in the com- 
pensated-motor diagram for which this is in a measure an under- 
lying point, I proceed to the development, claiming, however, 
as is due, a much greater accuracy than is found in Heyland's. 
The limits upon the circle between which the free end of the 
secondary flux vector can move are a very small per cent, of the 
total circumference and thus the total error is not large. 

Starting, then, with the Brown, Boveri motor, on which the 
most accurate work has been done here, let us consider that it 
is fitted with a direct current armature with shorted commutator 
and that the brushes are displaced five electrical degrees. (Plate 
XVI.) Let us further assume that we desire to obtain unity 
power factor at a load a little less than full load. The construc- 
tion will proceed as follows: — parallel to the diameter through 
the no load current position, draw a line through the desired 
value on the pressure line (where, of course, I^ and Ei are in 
phase at unity cos <^). 

Lay off an angle of 5° from this line and another at 5° from 
the center of the circle. Draw the flux line and perpendicular 
to it, through the intersection of the 5° line and the circle, a line 
to intersect the secondary circle. Draw a line from the new pri- 
mary current end through the upper intersection of the circles; 
this is the new secondary current. The change in the secondary 
circle is so slight as to be inappreciable, the increase of secondary 
current coming at the other end. Now, with center on 5° line 
through the center of the original circle draw a circle through 
the end of the new primary current and through the far end of the 
flux line. This will be the circle for the compensated motor and 
self-excited generator under the conditions specified and to the 
same scale as the ordinary circle. The maximum motor output 
will exceed that of the uncompensated motor and the power fac- 
tor will be much higher starting as a leading — passing through 
unity and continuing as a lagging-power factor. At the maxi- 
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mum output (about 15.6 h. p. with this arrangement as compared 
with 12.3 h. p. 88 a normal motor) the power factor is still as 
high as 91 per cent. As a generator, the machine will be self- 
exciting only so long as the circle stays on the right of the pres- 
sure line. With this particular brush position the output could 
rise only to about 6 h. p. This shows the necessity of a greater 
brush displacement for generator than for motor action and 
also that for best performance the brushes must be shifted when 
the change in function occurs. This is true since the position 
which would give proper output as a generator (a larger diam- 
eter circle) would give a motor power factor very bad as a lead- 
ing current. To represent different brush displacements other 
circles are necessarily constructed in a manner just like the 
above except that some other number of degrees is selected and 
the new center is differently displaced. If it is desired to have 
unity power factor fall at some other load it may readily be 
done simply by choosing that point as the origin of field of flux, 
and of secondary current. As has been pointed out, it is entirely 
possible so to adjust a compensated motor that its leading cur- 
rent at li^ht loads will just balance the lagging currents of sim- 
ilar luiconipcnsated motors at light load. Curves have been 
drawn for the ordinary motor and generator and for the same 
machine compensated for unity power factor at normal full 
load and with 5° brush displacement. 

As plotted, the curves for the 5° machine seem to point to 
error, since not alone is the ratio of mechanical to e. h. p. greater 
than one, during much of the range, but there is a time when 
both are output. It must be remembered, however, that the 
0. h. p. curve involves only the power brought to or taken from 
the stator and to represent the total this would need to have 
added to it the power to the rotor. The most interest attaches, 
however, to the relation between the stator currents in the two 
cases. The appearance of mechanical power from the rotor and 
electrical at the same time from the stator is like taking, in the 
ordinary motor, current and mechanical power both from the 
rotor. The machine acts in each case both as motor and as trans- 
former being thus Steinmetz's ''most general case of the alter- 
nat'ng current transformer "'since it gives out part of the energy 
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as mechanical power and part as electrical at changed pressure 
and frequency. As shown, (Plate XVIIb) the compensated 
machine will give motor output nearly up to synchronism with 
input to both stator and rotor. Then the rotor becomes the 
only point of input and mechanical power and electrical from 
stator may be obtained up to a little above synchronism. There- 
after, mechanical power must be input and electrical output is 
derived from the stator. Self -excitation with 5° displacement 
continues only up to a trifle over 6. h. p. and thereafter some 
other source of leading current must be employed, although, 
as will be noted, the amount of this leading current is much 
less than is required by the normal motor. 

It will be noted that while the power faictor rises both in motor 
and generator much faster and higher than when uncompen- 
sated, although it reaches unity and passes through, it merely 
hovers near it and does not, as Heyland's early articles main- 
tained, give ''unity for all loads.'' It does stay good up to more 
than 100 per cent, overload as a motor (as a generator it soon 
falls oif), but not at unity, and while .97 is good, it still repre- 
sents an angle cf 14° 4' between presuire and current, while 
.95 is 18° 12' and .90 (often reached by ordinary motors) is only 
25° 50', an angle of S° 6' with .99 power factor. 

The curves of primary cuiTent for the two machines are much 
alike; the main difference being in their minima, the compen- 
sated falling much below the ordinary induction motor for its 
minimum current when power factor equals zero. 

An efficiency curve can, of course, not be plotted for the com- 
pensated machine until the total input is known both to stator 
and rotor. 

The rotor current flows due to a pressure which is the result- 
ant of two components, one due to motion in stator field which 
is perpendicular to rotor field and varies directly with the slip, 
the other component is that which comes in from the line and is 
of constant value and is fixed in position by the degree of brush 
displacement. 

At synchronism the first of these falls to zero since ther^ is no 
relative motion and therefore no cutting of stator lines by the 
rotor. The current triangle falls into a straight line at syn- 
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chronisra in which case the equation l2 = Ii + Im holds algebra- 
ically, whereas in all other places it is merely a vector equation. 
To determine rotor input for positions other than sfynchronism 
a knowledge of secondary power factor is requisite and since 
this is a variable of unknown law this solution will have to be 
postponed for some future investigation. 



Brown, Bovbri Compensated 5° Displacement 
Scaled from diagram. Plate XVI. 
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The Machines 

In the production of a machine which will excite itself as a 
generator and have a good power factor as a motor, many hy- 
brids have resulted some of which are important and others 
mere freaks. 
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The general scheme has been to place in the rotating field of 
an ordinary stator a rotor which consists essentially of a direct 
current armature, (modified in different ways to suppress 
sparking, etc.), into which current of the frequency of the line 
is led through brushes spaced around the commutator at elec- 
trical angles equal to the number of degrees of the system, 90° 
for two phase, 120° for three phase, etc. 

The first schemes merely short circuited the commutators of 
ordinary direct current armatures through a low resistance, 
while the later ones have produced marked changes in the inter- 
nal construction and winding, all retaining, however, the com- 
mutator and three brushes, which by their displacement deter- 
mine where in space the exciting field, now coming from the 
rotor, shall be held fast. , 

Since compensation brings the slip to lower values, making 
more care requisite in paralleling though not needing synchroni- 
zation, there have resulted as examples of the hybrids men- 
tioned above, asynchronous motors which run at synchronous 
speed, and synchronous motors with a pronounced slip. 

Any device by which we can produce the wattless component 
necessary for excitation, on the scene of action, and obviate its 
transmission with the accompanying lowered power factor, will 
be an immense improvement. 

If with an ordinary induction rotor locked in position current 
of the line frequency be led to the slip rings, a revolving field 
will be set up in the rotor which will travel around at the same 
rate as that in the stator, and, by making its ampere-turn 
strength exceed that of the field by the proper amount, the watt- 
less component of the stator current may be annulled. If the 
rotor be brought up to synchronous speed, the same results can 
be achieved by using a direct current of the proper value. (This 
becomes an induction motor running synchronously.) 

For speeds other than standstill and synchronism the wattless 
primary current may be balanced and the line power factor 
raised to unity by impressing the proper frequency on the rotor. 
This proper frequency may be obtained by supplying a com- 
mutator and brushes to which line frequency is led. No matter 
at what speed the armature may be rotated the commutator 
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causes the current to pass through conductors having the same 
position in space and therefore the same relation to the magnet- 
ism of the stator. 

The frequency necessary at any time is line frequency less 
the frequency of the rotation. Thus at standstill 60 frequency 
— frequency = 60 frequency. At synchronism 60 frequency 
— 60 frequency =0 frequency; at half speed 60 frequency — 
30 frequency = 30 frequency, etc. 

An ordinary direct current armature would have no torque 
since no current would flow in it. We must, therefore, connect 
together points which have some difference of potential that cur- 
rent may flow and torque be exerted. To this end Heyland in his 
first machine simply shorted the whole commutator. (This was 
also done at practically the same period by Professor D. C. 
Jackson at the University of Wisconsin.) These shorting resist- 
ances form a shunt through which the reactance voltage at the 
instant of commutation may discharge and thus improve spark- 
less conditions at the brushes. 

As to the degree to which commutation has been improved 
opinions differ. Most of the foreign comments are decidedly 
favorable, but as most of the writers were describing the ma- 
chines they themselves had invented, we must remember that 
their paneojyrics may, in a measure at least, be due to enthusiasm. 
In this country. Prof. C. A. Adams' experiments with a Gr. E. 
experimental model did not show perfection, though he ad- 
mits his connections (for compounding) were a little question- 
able. Dr. A. S. McAllister in his most excellent treatise, Alter- 
nating Current Motors, says (p. 45) : ''So effective is the elim- 
ination of sparking that no observable result is produced by 
shifting the brushes into any position." Also: *'The resistance 
forms a non-inductive shunt . . . which fact allows the use 
of copper brushes of cross section much less than that required 
for carbon brushes and the commutator is given a correspond- 
ingly smaller size." Prof. Adams says: ''The large exciting cur- 
rents used in the generator tests gave trouble on another score, 
that of sparking; in fact with any exciting current within the 
working range there wa^ some sparking, but with the larger cur- 
rents the sparking was so vicious as to require that the com- 
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mutator should be turned down after a run of a few hours. It 
is thus evident that the damping effect of the low resistance 
squirrel cage is not suflftcienf to warrant the use of copper 
brushes, certainly not with such a small number of commuta- 
tor bars/'" (The squirrel cage mentioned is another device to 
obtain torque and supposedly to prevent sparking.) 

Like so many other points, in a subject of this nature so far 
from being settled, it is necessary to weigh the evidence, in 
the absence of personal experimentation, and then draw your 
own conclusions. 

The first motor was Gorges,® a series polyphase motor, which 
was excellent at synchronous speed but execrable elsewhere and 
since the series motor characteristics do not leave it long at syn- 
chronous speed it met with no success. 

Blonder brought out a motor which was in a measure the com- 
plement of Heyland's since it consisted of the same stator and 
same short-circuited direct current armature but used in place 
of the polyphase rotor excitation, direct current excitation put 
into the armature through brushes rotated by a synchronous 
motor. The action of this motor was successful, it being in all 
essentials identical in theory with Heyland's, but the complica- 
tion of the synchronous motor and keeping the pressure of brush 
on commutator uniform prevented commercial success. 

It is regrettable that so many additions to knowledge are ac- 
companied by discord. The compensated motor is not an ex- 
ception; the discussion between Heyland and Latour as to 
priority of invention being almost as acrimonious as the Tesla- 
Ferraris controversy. Heyland 's first article® appeared in 1901 
and described the motor with direct current armature shorted 
through non-inductive resistances; and also the machine with 
two windings, one straight direct current, the other squirrel- 
cage. He noted that it would self-excite as a gener^,tor. 
Latour describes^ a very similar machine intended as a gener- 



^A. I. E. E. Trans., aOi 780. 

^ Eiektrotechnische Zeitachrift, Doc. 25, 1891. 

''Ec. EL, Aug. 29, 1890. 

* Elektroteehnische Zeifachrift, Aug. 8, 1901. 

*Tn<h48trie ElectHque, Feb. 25, Apr. 10 and 25, 1902. 
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ator principally. It differs from Hey land's in having no squir- 
rel-cage and is in fact as he calls it a '* shunt-machine." The 
current of slip frequency finds a path, in lieu of any other, 
back through the supply lines. 

Osnos has described'^ a machine in which the exciting current 
is commutated in a small auxiliary armature and then led in 
rotor through rings. 

At the St. Louis Congress, where the compensated machine 
was severely criticized as being beautiful but not applicable to 
machines of sufficient size to be commercially practicable (500 
Kilovolt-ampere machines have been built and run successfully), 
this device of external commutator was spoken of as the possi- 
ble saving of the situation for the compensated machine. In 
all of Heyland's numerous machines this commutator (called 
''sifting device" by Prof. Karapetoff since it separates watt 
from wattless current and allows of real flat compounding re- 
gardless of power factor) is the one unchanged and unchange- 
able feature. 

An alternator with a practically constant frequency and speed 
but requiring no synchronizing to parallel, which can be com- 
pounded to any desired extent and is absolutely self-contained 
except for static transformers, being thus independent of any 
exciting source whatsoever, is assuredly a desideratum. The 
statement made at St. Louis that in any plant large enough to 
need such regulation there would always be an attendant who 
could watch the voltage, does not appeal to me as at all re- 
moving the desirability of an absolutely automatic regulation. 
A synchronous alternator with a good Tirrell or similar regu- 
lator in the exciter circuit would be hard to beat on load, of 
unity i>ower factor but there is no other device than the com- 
pensated and compounded induction generator employing this 
sifting commutator which will automatically compound for the 
energy current alone in circuits of any power factor. 

The figure (Plate XXIX) shows two rotors both essentially 
direct current armatures but modified ; one by resistances short- 
ing from one commutator bar to the next, the other by the ad- 



»o Elektrotechniache Zeitachrift, Oct. 16 1902. 
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dition of a regular squirrel-cage wind ng of medium resistance 
in the same iron with the direct current winding. 

The upper figure (Plate XXIX) shows a favorite connection 
which obviates the expense of a separate transformer for reduc- 
ing line pressure to a value which can be sue cws^sf ally handled 
by the rotor commutator. As seen, it employs the stator iron as 
core for a polyphase transformer of which the normal stator 
winding is primary and the additional low tension winding 
shorted through the rotor, which may be of any ty^.e, is the sec- 
ondary. 

Heyland's most successful winding scheme is shown by the 
upper pair of figures which p'cture a two-pole three phase ma- 
chine showing two conditions in the commutation cycle. The 
brushes are shown as movinc^, the armature stationary, of course 
identical in result with th^ a. tual condition since relative mo- 
t'on alone is essential. The winding shown has 2 bars per 
pole per phase that are active, and 1 pc^r pole per phase 
inactive, thus making 18 in all. The winding is in six sec- 
tions shorted inside the bars by 10 ohmic resistances by 
the proper proportioning of which the reactance voltag^^ of 
commutation may be reduced theoretically with a sine wave 
to zero. Practically there exist enough harmonics in every wave 
to produce some sparking at any time, but a small minimum 
may be reached and it is interesting to note, as pointed out by 
Heyland's paper at St. Louis, that it is possible to reduce to 
zero with a perfect wave, a thing not ever possible with a direct 
current commutator. 

The brushes are made wide enough to span the inactive seg- 
ments a 5 shown to the right where bruph I is in the act of com- 
mutating, that is, short circuiting, the active segments of oppo- 
site sign. In these two figures is shown the action of this ma- 
chine which :s a successfully self-exciting and compounding sjjn- 
chronoxis generator. Though not coming ptrictly under the 
heading of this thesis this machine is included because it is a 
direct product of work on asynchronous- machines and would 
never have bec^n evolved save as the limit of gradual injection 
into the induction maehine of characteristics of the synchronous. 
It becomes ver>' diffieult to t(41 to which class a machine really 
6 [4931 
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Plate XXIX. — Winding Diagrams. 
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Plate XXX. — HEYLA^^D's Connections. 
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belongs when it partakes, as so many do, so very strongly of the 
characteristics of both. This commutator has the same func- 
tion of sifting out watt from wattless as in the induction ma- 
chine pure and simple and the method of compounding is iden- 
tical. 

At first, for compounding^, Ileyland used a second s' t of three 
brushes placed on the commutator 90 ahead- of the first set 
(since there is a 90' lag of wattless current behind e. m. f.). 
This worked very satisfactorily but the six brushes looked for- 
midable so he reduced them to three by using (as is ne^ei^rary 
with large machines) tnnisformers and connecting (as shown 
in lower figure) the secondaries of the exciting transformers 
in mesh whereas the primjirie; are in star. Thi^i gives an i:d- 
ditional angle of 30^\ which i^dded to the 90^ gives 120^ thus 
coinciding with the next brush and making but three requisite. 

In the lower figure. No. 1 is the primary^ side of th^ corn- 
pounding transfouiK^r r.nd No. 2, the secondary. No. 3 is the 
generator armature (stationary) and No. 4 is armature and 
commutator as jho.vn 'n upper fiiUire, vrhile No. 5 i^ primary 
and No. 6 secondary of the exciting transfornier. 

By adjusting the number of turns in th'^ compoundmg trans- 
former any desired d(^gree of compounding may be obtained 
while the main exciting current is varied if desired by var'able 
rc^sistance, although the id"a is to fix the adju'^tmcnts once and 
then leave them alone unless it is di^sired to correct for greater 
line drop, etc. 
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